Spermiogenesis is the final phase of spermatogenesis during which post-meiotic haploid round spermatids (rSpt) differentiate into elongated spermatozoa and includes several critical cell-specific processes like DNA condensation, formation of the acrosome, and production of the flagellum. Disturbances in this process will lead to complications in sperm development and subsequently cause infertility. As such, studying spermiogenesis has clinical relevance in investigating the etiology of male infertility and will improve our scientific understanding of male germ cell formation. Here, we were able to purify round spermatid and elongated spermatid fractions from a single cryopreserved human testicular tissues sample with an efficiency of 85.4% AE 4.9% and 97.6% AE 0.6%, respectively. We confirmed the cell types by morphology and immunohistochemistry for histone H4 and PNA protein expression. The purity was measured by manual counting of histone H4 positive (round) and negative (elongated) spermatids in both sorted 1 N cell fractions. This method can be applied to both human and rodent studies. Especially in studies with limited access to testicular tissue, this method provides a reliable means to simultaneously isolate these cell types with high purity. Our method allows for further investigation of germ cell development and the process of spermiogenesis in particular, as well as provides a tool to study the etiology of male infertility, including morphological and biochemical assessment of round and elongating spermatids from subfertile men.
SPERMATOGENESIS is the developmental process during which elongated spermatids are formed from spermatogonial stem cells (1) . This process can be divided in three main steps: mitosis, meiosis, and spermiogenesis (2) . Spermiogenesis is the final phase of spermatogenesis where post-meiotic haploid round spermatids (rSpt) differentiate into elongated spermatozoa (eSpt). During this maturation phase a number of crucial cell remodeling events are completed, including DNA condensation in the spermatid nucleus, formation of the acrosome, mitochondrial reorganization, production of the flagellum, and removal of cytoplasm (3) (4) (5) . Aberrant spermiogenesis can result in abnormal acrosome development or various forms of developmental arrest, ultimately leading to infertility (6, 7) . As such, studying the process of spermiogenesis has clinical relevance in investigating the etiology of male infertility and will improve our scientific understanding of male germ cell formation (8) . Effective and specific isolation of pure populations of germ cell types at different developmental steps is essential in reproductive studies and several protocols exist to purify these cells using different techniques, such as separation based on cell density by Percoll gradient centrifugation (9) or STA-PUT velocity sedimentation (10) (11) (12) and separation based on DNA content analysis by FACS, utilizing DNA-intercalating dyes such as propidium iodide (PI), Hoechst 33342, or 4 0 ,6-diamidino-2-phenylindole (DAPI) (13, 14) . Typically, FACS methods using only intercalating DNA dyes are not sufficient to separate round from elongated spermatids as both have the same DNA content, while the efficacy of isolating pure germ cell populations through gradient separation methods is hampered by the inherent restriction of sorting cells based on cellular density, not DNA content. In this study, we identified two distinct peaks in the 1 N range of the DNA ploidy diagram that both include intact cells and not debris, which we confirm to consist of round and elongating spermatids based on morphological characterization and immunohistochemical stainings for histone H4 and peanut agglutinin (PNA) markers.
METHODS

Testicular Samples
Human testicular tissue fragments were obtained with informed consent from prostate cancer patients that underwent bilateral orchidectomy as part of their prostate cancer treatment. Testis from sexually mature mice and rats were obtained from various previous studies, that were approved according to the European legislation of animal experiments and were evaluated and approved by the Animal Ethic Committee of the Academic Medical Center, Amsterdam. Histological examination revealed full spermatogenesis in all testicular samples used, based on the presence of germ cells from all stages of development in the seminiferous tubules. Human testicular testis fragments of approximately 300-400 μL (1 whole testes per vial for mouse, 1/8 parts of whole testes per vial for rat) were cryopreserved in 1× MEM (Minimal Essential Medium, Gibco, cat no. 21430-020) supplemented with 8% DMSO (dimethyl sulfoxide) and 20% FCS (fetal calf serum European approved origin, Gibco, cat no. 10270-106) using a slow freezing protocol and stored in liquid nitrogen vapor until further use.
Germ Cell Isolation from Cryopreserved Testicular Tissue
Germ cells were isolated from cryopreserved testicular tissues (human, mouse, and rat) using the following protocol: after thawing, the testicular biopsy was rinsed in sterile 1× PBS and put in a petri dish containing 8 mL phenol-free HTF medium (IVF basics, cat no. BE02-037F). Two microlance needles were used to dissociate the tissue followed by scraping of the tubules, in order to dislodge the cellular content. Next, the entire volume containing the tissue remains and cells was transferred to a clean 15 mL sterile tube and vigorously pipetted for several minutes using a 5 mL pipet. The suspension was then filtered through a 55 μm mesh filter and the resulting suspension was centrifuged for 30 min at 4000g with break. The supernatant was removed and the pellet resuspended in 500 μL to 1 mL 1× PBS depending on the volume of the starting material. A 1.5 mL eppendorf tube was pre-rinsed with 1× MEM containing 20% FCS and the suspension was transferred to the tube, followed by a second centrifugation step at 4000g for 10 min in a swing-out centrifuge. Again, the supernatant was removed and the pellet was resuspended in 300 μL cold 1× PBS. Then, a total volume of 700 μL ice-cold 100% ethanol was added gradually to a final concentration of 70% ethanol/PBS, after which the cells were stored at 4 C until further use.
FACS
Fixed cells were centrifuged at 4165g for 15 min in a pre-cooled centrifuge and the supernatant was carefully decanted. Cells were permeabilized in 300 μL permeabilization buffer (1× PBS containing 0.5% Triton-X) for 10 min at room temperature, washed with 1× PBS containing 1% BSA (bovine serum albumin fraction V, Roche, cat no. 10735094001) and centrifuged at 4165g for 10 min. Then, cells were labeled with 1 μg/1 × 10 5 cells propidium iodide (PI, Sigma, P4964) in FACS/EDTA buffer (1× PBS with 1% FCS/0.1% NaN 3 /2 mM EDTA) containing DNAse-free RNAse A (v/v 1:20) for 5 min. Finally, cells were filtered through a 50 μM filter, collected in a 5 mL FACS tube, and put on ice. FACS measurements and sorting were performed on a Sony SH800Z cell Sorter (Sony Biotechnology Inc. Japan). Analysis of flow cytometry data and generation of figures was performed using FlowJo software version 10. A two-step gating check was performed in all samples to identify cells of interest within the normal size and granularity range (FSC-A/SSC-A) and to remove doublets from further analysis (FSC-H/FSC-W).
Sample Preparation for Immunohistochemistry
Paraffinized testicular tissue slices were deparaffinized using a standard rehydration protocol and washed in demineralized H 2 O. After washing, tissue sections were boiled in 0.01 M sodium citrate buffer (tri-sodiumcitrate dihydrate C 6 H 5 Na 3 O 7 Á 2H 2 O, pH 6.0) for 20 min to retrieve antigens.
The FACS sorted, PI labeled testicular cell suspensions were diluted in 1× PBS/1%BSA to a final concentration of 2.5 × 10 4 cells/100 μL and loaded onto a glass slide via centrifugation at 20g for 5 min via a cytospin procedure. The slides were dried for 10 min at room temperature and fixated in freshly prepared 80% methanol/PBS solution for 10 min at −20 C, after which the slides were stored in 1× PBS at 4 C. At the day of the IHC experiment, slides were washed two times in 1× PBS while slowly shaking on a rotator, permeabilized by incubating the slides in 1× PBS/0.2% Triton X-100 for 10 min at room temperature and finally washed three times in 1× PBS.
Whole testis tissue slides and FACS sorted cells prepared for IHC were stained for histone H4 protein using antihistone H4 antibody (Supporting Information Table S1 ) and the following IHC protocol; tissue slides and cytospins were incubated with freshly prepared endogenous peroxidase blocking solution (1× PBS/0.3% H 2 O 2 ) for 10 min at room temperature. Slides were then washed three times with 1× PBS and incubated with 100 μL Superblock (ScyTek Laboratories, cat no. AAA999) for 1 h to block non-specific antibody binding, followed by overnight incubation at 4 C with anti-Histon H4 antibody diluted 1:300 in Normal Antibody Diluent (IL Immunologic, cat no. BD09-999). The following day, slides were washed three times in 1× PBS and incubated for 30 min at room temperature with 100 μL Powervision Poly-Hrp-anti Ms/Rb secondary antibody (IL Immunologic, cat no. VWRKDPVO110HRP). Subsequently, slides were incubated with demineralized H 2 O containing 0.5 mg/mL DAB and 1% H 2 O 2 for 4 min and placed in 1 × PBS directly after. Finally, slides were dehydrated sequentially with 70%/96%/100% ethanol and xylene and encapsulated with a cover slip using Entellan (Merck, cat no. 1079610100). For acrosome detection, cells were incubated with 0.5 μg/mL of the lectin peanut agglutinin (PNA) conjugated with Alexa Fluor 488 conjugate (L21409, Life Technologies, Supporting Information Table S2 ) and nuclear counterstaining with 0.2 μg/mL DAPI and embedded in Prolong Gold.
Microscopy
Microscopy data included in this article for histone H4 was acquired using an Olympus BX41 microscope (Olympus America, USA) and Leica DMC4500 camera (Leica Microsystems). High resolution images were captured at 2560 × 1920 resolution and adjusted using the following settings: Gain 1.0; Color-correct-red 1.0; Color-correct-green 1.49; Color-correct-blue 2.9; Brightness-level 188.5; and Color-saturation 150. Histological images of PNA-488 acrosome staining were acquired using the Leica DM 5000B microscope and Leica DFC365FX camera. Images were captured at resolution 8 and adapted using LAS AF software.
Statistics and Counting
Counting experiments were performed by manual counting of the number of H4-positive (round) and H4-negative (elongated, compacted) cells in each sample using sequentially recorded images of the cytospin area, moving the camera from left to right, top to bottom by a fixed distance. The purity values displayed in Figure 1C were calculated as the average percentage of H4-positive cells per group of samples (n = 3) AE standard error of the mean (SEM).
RESULTS
We first attempted to isolate both the haploid (1 N) and diploid (2 N) germ cell populations from cryopreserved human testicular tissues using PI staining and observed two distinct populations of cells in the 1 N range with similar forward scatter/side scatter (FSC/SSC) parameters (Fig. 1A and Supporting Information Fig. S1 ). Based on previous studies detailing the DNA content of various testicular germ cell populations (15, 16) we hypothesized that these two populations might represent round and elongated spermatids, respectively, since both are haploid but differ from each other in terms of DNA compaction. Indeed, when we sorted both populations (termed "sub1N" and "1 N" based on PI signal) and loaded the obtained cell fractions onto glass slides via cytospin, we morphologically observed a high percentage of cells in the sub1N-sorted fraction that displayed phenotypical characteristics of elongated spermatids (oval-shaped, highly condensed nucleus) and, vice versa, a high percentage of cells in the 1 N-sorted cell fraction that displayed characteristics of round spermatids (round nucleus). To further investigate the purity of the obtained cell fractions, we investigated the expression of histone H4 (H4) protein in the sorted cell fractions. Histone H4 is one of the core nucleosome proteins, that is expressed in most human cells and functions in chromatin structuring and DNA accessibility (17) . During mammalian spermiogenesis, nuclear histones are sequentially replaced by protamines in a process called histone-to-protamine transition to facilitate chromatin hyper-compaction (18) . Due to this testis-specific process, histone H4 protein is expressed at high levels in all testicular cells excluding elongating spermatids, which show severely reduced levels of histone H4 protein hardly detectable by immunohistochemistry (Supporting Information Fig. S2 ). We immuno-stained the sorted cell fractions for H4 and observed a distinct lack of H4 protein in the sub1N population, while the 1 N population almost uniformly expressed H4 protein (Fig. 1B) . Next, we determined the percentage of H4-negative cells in the sub1N population and the percentage of H4-positive cells in the 1 N population from human testicular cell suspensions of three non-related donors by manual counting of sorted cell fractions mounted on glass slides and stained for histone H4 using immunohistochemistry (see Methods). An average of 215.85 AE 19.98 cells was counted per sample and visually scored for histone H4 positive (round) and negative (elongating) spermatids (Supporting Information Table S3 ). This revealed high degrees of purity for both the sub1N fraction (97.6% AE 0.6% H4-negative) and 1 N fraction (85.4% AE 4.9% H4-positive) (Fig. 1C) . We further confirmed that the 1 N faction contains round spermatids by staining the acrosome with peanut agglutinin (PNA) (Supporting Information Fig. S3 ). We then examined whether this purification method also worked in mouse and rat. We confirmed a purity of H4-negative cells in the sub1N fraction of 60.3% AE 5.8% and 89.3% AE 0.8% in mouse (n = 3) and rat (n = 3), respectively, while the corresponding purity of H4-positive cells in the 1 N fraction was 95.2% AE 1.5% and 94.1% AE 3.1% (Fig. 1C , also see Supporting Information Table S3 and Fig. S2 ).
DISCUSSION
In this report, we describe an effective and simple method to simultaneously purify round and elongated spermatids from testis material of human, rat and mouse using the DNA intercalating dye PI. The observation of 2 peaks in the 1 N range was clearly visible when sorting for human spermatids and further characterization revealed distinct populations of round and elongating spermatids. This was further confirmed by the high percentage of positive H4 cells in the H4 fraction and the low percentage in the sub1N fraction. We suspect that the lower purity of elongating spermatids in the sub1N peak in mice is related to the larger shape of the elongating sperm head, which could be more easily accessible to PI in mice as compared with humans and rats and thereby resulting in a higher overlap with the 1 N peak. Although we used a testicular cell isolation method of scraping of seminiferous tubules from testicular tissue, adapted from the testicular sperm extraction (TESE) method routinely used in clinical IVF practice, we believe that cell isolation with enzymatic digestion of the testicular will also reveal separation of both 1 N and sub 1 N cells. The method we describe here for cell sorting is potentially relevant to study the processes that occur during normal spermiogenesis as well as cases in which spermiogenesis is disturbed. The main advantage of our method over existing protocols is that it combines separation of cells based on both cellular density and DNA content and allows for sorting of cells isolated from cryopreserved testicular tissues. Furthermore, our method could be expanded to include other spermatid specific markers to distinguish more detailed characteristics of the round and elongating spermatid populations, also in a simultaneous manner. Finally, the protocol could be adapted to allow for nucleic acid studies in the isolated spermatid populations if some adjustments are made in terms of DNA/RNA content preservation, for example, by utilizing RNAse inhibitors and proteinases during sample work-up.
CONCLUSIONS
In conclusion, we here provide an effective and simple FACS method based on the DNA intercalating dye PI to simultaneously purify populations of round and elongated spermatids from human or rat testis, as well as a pure population of round spermatids from mouse testis. This method is highly reproducible, with a purification efficiency of ≥85% in humans. This protocol can aid in unraveling fundamental questions regarding human and rodent spermiogenesis, as well as provide a tool to study the etiology of male infertility, including morphological and biochemical analyses of round and elongating spermatids from subfertile men with normal sperm counts.
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